ABSTRACT The twospotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae) aggregates on its host plant until mated females collectively disperse by walking to a new colony. Some females disperse singly and found new colonies. I experimentally investigated the role of trails in collective and solitary behaviors and found that dispersing females simply follow the trails left by preceding females. This behavior seemed to induce an ampliÞcation process, resulting in aggregation at a new colony. A solitary female readily joined a trail made by other females if she came upon one. Otherwise, a female should encounter her own trail at a new feeding site and automatically establish a colony, presumably by following her own trail. Thus, the collective and solitary behaviors that constitute the basic structure of the T. urticae colony life cycle seem to be induced by one rule: follow a trail.
In some social insects, the simple trail following behavior of individuals enables collective decisions through ampliÞcation processes (e.g., Deneubourg and Gross 1989) . That is, the direction chosen by an individual that passes a given point leaving a trail will inßuence the direction chosen by the next individual that passes, which also adds a trail in the direction chosen. As a result, the direction is rapidly selected out of a number of potential choices (Deneubourg and Gross 1989) . Such collective decision abilities are not restricted to eusocial insects; they also have been reported in noneusocial caterpillars (e.g., Ruf et al. 2001 ) and in solitary spiders that undergo a transient gregarious phase (Jeanson et al. 2004 ). In particular, spiders and caterpillars leave silk trails, which are used as a means for communication among individuals (Clark et al. 1999 , Anderson and Morse 2001 , Ruf et al. 2001 . However, trail following in spider mites that also spin silk trails remains poorly understood.
The spider mite Tetranychus urticae Koch (Acari: Tetranychidae) normally aggregates on its host plant (e.g., Strong et al. 1997) . Although this mite has overlapping generations, no cooperative brood care or reproductive castes have been reported. When local resources are exhausted, mated females move in the same direction, following other females (S.Y., unpublished data; hereafter referred to as collective dispersal), whereas unmated females do not disperse as a rule. T. urticae may reach potential host plants by walking, a primary form of dispersal (e.g., Kondo and Takafuji 1985) , or by passive dispersal by wind in webs enclosing many individuals (Brandenburg and Kennedy 1982) .
In addition to collective behaviors, individuals of gregarious species may experience a solitary phase during their life history, as is the case with a colony founder. Some T. urticae females disperse singly and found colonies on a host plant, after which sib-mating occurs among their offspring. Solitary colony foundation allows T. urticae to invade novel habitats easily and increases the number of subpopulations, which are also units of natural or artiÞcial selection (Levins 1969) . Although such solitary behavior seems totally different from collective behavior, I hypothesized that a simple rule that produces collective behavior also may affect solitary behavior, as long as the rule is programmed in the same individual.
In this study, I Þrst examined whether the collective behaviors of T. urticae are produced by a simple trail following behavior of individuals through an ampliÞ-cation process or by speciÞc leaders that instigate group members. I then examined whether the same trail following can explain both collective and solitary behaviors of T. urticae.
Materials and Methods

Mites.
T. urticae has been well studied as an experimental organism because of its agricultural importance and its short generation time of Ϸ10 d at 25ЊC.
All active stages of T. urticae spin trail of silk threads when walking (e.g., Saito 1977) . A dense collection of the silk thread called webbing also is deposited over infested foliage, which is thought to play an important role in life history traits of T. urticae (Davis 1952 , Linke 1953 , McMurtry et al. 1970 , Sabelis and Bakker 1992 . Mites used in the experiment were collected from a ÔRosaÕ rose (Rosaceae) garden in Kyoto, Japan. The mites were reared on individual leaf discs of kidney bean, Phaseolus vulgaris L. (Leguminosae; hereafter referred to as bean), a preferred host plant (Yano et al. 1998) . The leaf discs were Þrmly pressed against water-saturated cotton placed in circular petri dishes (90 mm in diameter, 14 mm in depth). The mites were reared for Ͼ10 generations before the study. Mite rearing and all experiments were carried out in a climate-controlled room maintained at 25ЊC, 50% RH, and on a photoperiod of 16:8 (L:D) h.
Effect of Trails on Direction of Followers' Dispersal. To determine whether the presence or absence of trails is responsible for the collective dispersal of T. urticae, I Þrst examined whether trails left by previously dispersed females (hereafter termed preceding females) were followed by other females (followers). The term "trail" as used in this study refers to the silk threads and other chemical compound(s) deposited by adult female T. urticae. As a preliminary test, I placed a square of ParaÞlm M (American National Can, Chicago, IL) in the middle of the experimental setup (Fig. 1A) . I used ParaÞlm squares instead of heavily infested leaf squares for convenience, because I could reduce the preparation time and could remove the variable of food quality. T. urticae females soon dispersed from the ParaÞlm square (within Ϸ1 h), just as they did from heavily infested leaves. The ParaÞlm square was connected to two bean squares by paper footbridges (bridges). Before each test, a trail was induced artiÞcially on a bridge, as follows. I placed a bridge between the ParaÞlm square and a bean square on another petri dish (Fig. 1B) . I introduced a mated female (2Ð 4 d old) onto each ParaÞlm square. As soon as the female had moved to the bean square, the bridge that had been conditioned with mite trails (marked bridge) was then pointed toward a bridge not conditioned with trails (unmarked bridge) by using the experimental setup. To test for followersÕ preference, I introduced mated females (2Ð 4 d old) onto a ParaÞlm square in all tests. Each bridge and follower was used only once in all tests. To control for potential environmental biases, the positions of bridges with and without trails were randomized. Because a follower could disperse from the ParaÞlm square onto a bean square only via a bridge, I could easily identify the bridges traveled by a follower. The number of replicates for this preliminary test was 31. Unless noted otherwise, all tests described below were carried out between 1300 and 1700 hours. To examine whether the number of preceding females affected the followersÕ preference, a trail made by either one or Þve preceding females was induced on a bridge (Fig. 1B) . I compared the followersÕ preference for three combinations of bridges: 1) a bridge with a trail made by one preceding female versus none (control; already explained as in the Þrst experiment), 2) Þve versus none (55 replicates), and 3) Þve versus one (35 replicates). 
Effect of Trail Longevity on Followers' Preference.
To examine whether trail attractiveness declined over time, bridges with a trail made by Þve females were preserved in an open plastic cup for 5 or 10 d. The bridges were then faced with unmarked bridges to determine followersÕ preference. In addition, attractiveness of fresh (0-d-old) trails and 5-d-old trails also were compared in the same manner described above. The number of replicates was 24, 40, and 45, respectively.
Effect of Trails on Timing of Follower's Dispersal. To examine whether a trail affected the timing of dispersal, a follower was introduced onto an initial 10 by 10-mm bean square. This square was connected to a second 15-by 15-mm bean square at a distance of 15 mm, either by a bridge with a trail made by Þve females or by an unmarked bridge. The number of replicates was 30 and 39, respectively. To prevent a trail from becoming deactivated (see Results, Effect of Trail Longevity on FollowersÕ Dispersal), bridges (marked and unmarked) were replaced with newly prepared bridges every three days. I recorded the number of females that had moved to the second bean square every 24 h for 11 d. The differences were analyzed using a 2 test with YatesÕs continuity correction (SAS Institute 1998).
Effect of Trails on Dispersal Route. To examine whether a trail affected the dispersal destination, one ParaÞlm and two bean squares (10 by 10 mm) were connected by a T-shaped ParaÞlm pathway (Fig. 2) . A major structural difference between this and the previous setup (Fig. 1A) was the bifurcation en route between the ParaÞlm and the bean squares. First, I tested whether a dispersing female followed a trail at the bifurcation. Before the test, I blocked a randomly selected branch with a piece of wet cotton ( Fig. 2A) . I then introduced Þve preceding females onto the ParaÞlm square. After all females had moved to the available bean square, the cotton was removed. The bean leaf inhabited by the Þve females was replaced with a new one. I then observed followersÕ preference with 84 replicates. Second, I tested whether a solitary female joined a trail when she came across it. In this test, I blocked both a randomly selected branch and the trunk of the pathway (Fig. 2B) . A pointed piece of ParaÞlm was placed in contact with the bifurcation to induce a trail of Þve females from the bifurcation to the available bean square. FollowersÕ preference was tested as described above, with 36 replicates.
Leadership of Preceding Females. To clarify whether the effects on followers differed among individual preceding females, I compared the Þrst disperser in a group (leader) and a randomly selected (undistinguished) individual. I introduced 10 females onto a ParaÞlm square in the setup (Fig. 1B) , and collected each bridge as soon as a leader had moved onto a bean square. The bridges were then faced with bridges marked by an undistinguished female to determine followersÕ preference. The number of replicates was 42. Second, I tested whether a leader was able to disperse toward suitable resources by connecting a ParaÞlm square to a bean square and to a Rumex crispus L. (Polygonaceae) square (10 by 10 mm) via unmarked bridges. R. crispus is a marginal host for T. urticae (Yano et al. 1998 ). I introduced 10 females onto a ParaÞlm square to determine the preference of the leader. The number of replicates was 36.
Effect of Trail Directionality on Followers' Dispersal. A trail made by Þve females was induced on symmetrical bridges (Fig. 1C) to test whether trails were directional. I tested followersÕ preference for a pair of bridges, the direction of one of which had been reversed. The number of replicates was 70.
Preference for Trails on a Leaf Surface. To examine whether females preferred to settle near their own trails on a host plant, I used a 10-by 20-mm ßat piece of bean leaf (Fig. 3 ) that was divided into two equal areas (leaf side) by a piece of wet paper (1 mm in width). No female crossed this barrier during the subsequent treatments. First, I examined whether females preferred to settle on a leaf side that they had previously inhabited. I introduced a female (the conditioner) onto a randomly selected side for 1 h. The wet paper was then removed. Once the leaf surface had dried (Ϸ5 min), I placed a pointed ParaÞlm piece in contact with the leaf edge (Fig.  3B) . None of the conditioners moved between leaf sides during the above treatments. I then carefully transferred the conditioner onto the ParaÞlm. After 3 h, I recorded the leaf side on which the conditioner had settled with 28 replicates. Preliminary observations conÞrmed that all females settled on a particular leaf position within that time. Second, I examined whether females preferred to settle on a leaf side that had previously been inhabited by another female. In this test, I removed the conditioner and the wet paper 1 h after the introduction. I then introduced another female onto the ParaÞlm. The number of replicates was 32. Finally, I examined female preference for a leaf side that she and another female had previously inhabited. For this test, I introduced a conditioner onto each leaf side, removed both 1 h later, and transferred one of them onto the ParaÞlm. The number of replicates was 29.
Statistical Analysis. Unless otherwise stated, experimental outcomes were analyzed using binomial tests (Okamoto 2007) , with the common null hypothesis that a female would chose each of the two directions with equal probability (i.e., 0.5).
Results
Effect of Trails on Direction of Followers' Dispersal.
Preliminary tests conÞrmed that the number of followers that traveled on paper bridges conditioned with trails (marked bridges) was signiÞcantly higher than that traveled on control bridges (unmarked bridges) (Fig. 4A ) (P ϭ 0.015; binomial test). The results also showed that more mites traveled bridges conditioned with trails of Þve mites compared with bridges conditioned with trails of one mite (Fig. 4AÐ  C) . The observations that marked bridges were more attractive compared with unmarked bridges and that followersÕ preference increased with the use of bridges marked with trails of multiple mites suggest that the presence of multiple trails could promote the establishment of a positive feedback loop once dispersal began, and that dispersing mites can attract conspeciÞcs to new resources by using trails.
Effect of Trail Longevity on Followers' Preference.
As described above, followers preferred bridges with a fresh trail made by Þve females to unmarked bridges (P Ͻ 0.001; binomial test) (Fig. 5A) . Followers also preferred 5-d-old trails to unmarked bridges (P Ͻ 0.001; binomial test) (Fig. 5B) , whereas they showed no preference for 10-d-old trails (P ϭ 0.32; binomial test) (Fig. 5C ). Furthermore, followers did not distinguish fresh trails from old ones (P ϭ 0.38; binomial test) (Fig. 5D) .
Effect of a Trail on Timing of Followers' Dispersal. No female dispersed from the initial bean square until day 5 (Fig. 6 ), when the leaf square was heavily infested by offspring. The proportion of dispersed females differed signiÞcantly on day 8 ( 2 ϭ 9.59, df ϭ 1, P ϭ 0.002; chi-square test with YatesÕs continuity correction) (Fig. 6) . Therefore, factors other than the trail presence, such as deterioration of food or competition for space, seemed to prompt the dispersal of T. urticae, and the trail presence promoted dispersal once it began.
Effect of Trails on Dispersal Route. In both designs, i.e., a trail that started from a ParaÞlm square or the bifurcation, females signiÞcantly preferred to follow or join a trail (ParaÞlm square, P Ͻ 0.001; bifurcation, P Ͻ 0.001; both binomial test).
Leadership of Preceding Females. Followers did not distinguish between trails made by leaders and undistinguished females (P ϭ 0.44; binomial test). Moreover, leaders could not identify the suitability of Effect of Trail Directionality on Followers' Dispersal. Followers did not distinguish between trails laid in the direction or against the direction in which they were moving (P ϭ 0.28; binomial test), indicating that trails are nondirectional.
Preference for Trails on a Leaf Surface. Individual T. urticae females preferred to settle on a leaf side that was previously conditioned by their own trails (P Ͻ 0.001; binomial test) or by trails of conspeciÞc females (P Ͻ 0.001; binomial test) compared with an unmarked leaf side ( Fig. 7A and B) . However, no signiÞcant differences were observed when their own trails were compared with those of conspeciÞc females (P ϭ 0.23; binomial test) (Fig. 7C ).
Discussion
The dispersal direction of T. urticae females was determined by the presence of trails made by preceding individuals. Collective dispersal of T. urticae females seemed to be produced by this simple behavioral rule of individuals, not by speciÞc leaders. Followers preferred trails of multiple mites to that of a single mite. The trail presence promoted further dispersal of females once dispersal had begun, and dispersing females preferred to follow or join a trail. Moreover, trails seemed to be nondirectional, and their attractiveness seemed to decline over time. Individual T. urticae females preferred to settle near trails whether trails are produced by themselves or by conspeciÞcs.
The ability of T. urticae females to distinguish between trails laid by one or Þve preceding females provides an opportunity for positive feedback to occur, which may result in collective dispersal and aggregation at a new feeding site. Although trails were nondirectional, and females were unable to discriminate the age of trails, females dispersing from a heavily infested colony would not follow an old trail left by foundresses of the colony because members of a T.
urticae colony need at least one generation (Ϸ10 d) to exhaust nearby resources, whereas the trail attractiveness decayed within 10 d.
The next question that arises is, What constitutes a trail? Some arthropods that follow threads respond to trail-bound pheromones (Fitzgerald and Edgerly 1979, Ruf et al. 2001) , whereas others respond mechanically to threads (Roessingh 1989, Anderson and Morse 2001) . The observation that trail attractiveness of T. urticae declined over time suggested that trailbound pheromones were involved. Oku et al. (2005) reported that adult males of Kanzawa spider mites (T. kanzawai) perceived the mating status of a female by her trails, which also suggests the involvement of trailbound pheromones. Whether female mites deposit additional chemical compounds that may or may not be bound to the threads, and that could have acted alone or in combination with thread cues, remains to be investigated.
The effects on followers did not differ between leaders and undistinguished individuals. Rather, any female that induced a trail seemed to instigate followers, and neither followers nor leaders were able to identify suitable resources from a distance. These conditions can be viewed as conformity, i.e., behaving in the same way as most other individuals, under which the Þtness of group members is not always maximized (Richerson and Boyd 1991) . This view explains the commonly observed collective death of T. urticae individuals on a leaf disc, i.e., adult females kill themselves by entering surrounding water barriers. This collective behavior may be triggered by a preceding female who accidentally encounters the water barrier, and others then follow her trail.
Collective dispersal of T. urticae females may beneÞt group members because it enables the establishment of new colonies by groups of females. For example, the immediate cooperative construction of webs would effectively protect all members from predators (McMurtry et al. 1970, Sabelis and Bakker 1992) and from wind and rain (Davis 1952 , Linke 1953 . Another possible beneÞt of gathering is to disperse with conspeciÞcs aerially (Brandenburg and Kennedy 1982) . Following trails on a heavily infested plant may automatically drive mites to join an aggregation, which is the unit of aerial dispersal. Trail following also can explain solitary colony foundation of T. urticae, in which a dispersing female, who does not follow or join group members, may follow her own trails within a Þxed area on a host plant leaf. Because leaf areas are limited, a female may amplify her own trails around one point on a leaf, resulting in establishment of a new colony. Whether or not to leave an encountered plant primarily depends on the quality of the plant (Yano et al. 1998 ), which could be accessed by females while following trails. The proportion of followers that traveled the unmarked bridge in the preference tests would be the approximate proportion of females that would enter a solitary phase at each parting point. Therefore, numerous individuals are likely to be engaged in solitary colony foundation in the wild, where there are many parting points.
